PACS. 78.47.+p -Time-resolved optical spectroscopies and other ultrafast optical measurements in condensed matter. PACS. 74.72.-h -High-Tc compounds. PACS. 74.76.Bz -High-Tc films.
This report contains two new results. The first concerns the model used to fit femtosecond pump-probe reflectivity or transmissivity data. Such data tell us information regarding carrier dynamics in superconductors [1] [2] [3] [4] [5] [6] [7] , including cuprates [4] [5] [6] [7] [8] . We present femtosecond optical pump-probe reflectivity data and, using an existing theory [9] [10] [11] [12] , obtain quantitative agreement with the data. The theory, reported in refs. [9] [10] [11] [12] , is an extension of the standard twotemperature model [13] and was developed when considering electron thermalization in metals.
The other new result concerns both the electron-electron thermalization time, denoted as τ TH and, even more striking, the electron relaxation time, denoted by τ P . We find that τ TH , as the data are fit by the model, shows large increases in the superconducting state.
The behavior of τ P with temperature T and fluence is even more pronounced and unexpected. At the lowest fluencies we could use and obtain adequate signal: noise, τ P exhibits c EDP Sciences [9] [10] [11] [12] . Parameters include the interaction time between photoelectron (PE) and thermalized electrons (TE) (τTH) and the time scale for dissipation of energy from the TEs to the lattice (τP). a power law divergence. As the fluence increases, a second response in τ P develops and becomes dominant at higher fluencies. This second response shows a large change across the phase transition, is almost constant both well below and well above T C , and has been reported previously, see refs. [2] [3] [4] [5] [6] [7] [8] [9] [10] within ref. [14] .
Femtosecond pump-probe measurements of the optical reflectivity have been interpreted in two basic ways [9] [10] [11] [12] [15] [16] [17] . One way is to consider the dielectric response of the material and derive expressions for the optical reflectivity or transmissivity in terms of the index of refraction and the dielectric constant at the photon energy employed [15] [16] [17] . The other, and the approach we consider, is to start with the electrons that absorb the photons, termed photoelectrons (PEs), then consider how these PEs thermalize with other electrons, leading to thermalized electrons (TEs) and an electron temperature higher than that of the lattice. These TEs then dissipated their energy to the lattice and the electron-hole pairs created relax back to the ground state. Figure 1 provides a schematic diagram of the model [11] . In our measurements the electron thermalization time of the single-layer cuprates in the superconducing state is much longer than the pump-probe cross-correlation time and thus must be taken into account. This interaction leads to a much larger group of electron-hole pairs, the thermalized electrons (TEs). After excitation, the TEs dissipate energy to the lattice over a time scale τ P and relax back to the ground state. Concurrently, the film lattice relaxes through acoustical phonon energy transfer to the substrate. This bolometric effect has a very long time constant (> 1 ns), and is of no interest in this work. As explained in refs. [9] [10] [11] [12] , such a model leads to the change of reflectivity (∆R) obeying [11] 
where H(t) is the Heaviside function that accounts for the pump-probe cross-correlation time and A(T ) is a constant used to correct for amplitude. We present data showing the quantitative agreement between experiment and theory as represented by eq. (1), including the behavior of τ P and τ TH as a function of temperature, and discuss implications of the data. Without the factor A(T ), eq. (1) is identical to that described in refs. [9] [10] [11] [12] . We reproduced the results on eight different types of samples spanning three members of the cuprate family. To further test for any artifact due to sample inhomogeneity, we measured the results on multiple samples of the same stoichiometry and for multiple times on differ- ent parts of the same sample. We also measured at difference fluencies on the same sample, and varied the nominal sample temperature and the fluence to measure at the same actual temperature during illumination. The samples were prepared as described elsewhere [18] [19] [20] , though it is worth noting that the samples are of high quality and the overdoped, nonsuperconducting sample has a residual resistivity at 5 K, approximately 40 µΩ cm, which corresponds, in a free-electron model, to an inelastic mean free path of ∼ 24 nm, much longer than the deBroglie wavelength of carriers at the chemical potential (∼ 2 nm) or the superconducting coherence length (∼ 2 nm). We confirmed the results in four different laboratories: Vanderbilt, Rochester, William and Mary and Los Alamos, using different femtosecond Ti:Sapphire laser systems, each of which is also described elsewhere [14, [21] [22] [23] . Pump-pulse energy and energy densities as low as 5 × 10 −12 joule and 9 × 10 −8 joule/cm 2 , respectively, were used. The pump-pulse contains ∼ 2 × 10 7 photons. Assuming an absorption of ∼ 10%, in the illuminated volume this corresponds to approximately 1×10 −7 of the conduction band electrons absorbing a photon. The photodetectors and phase-sensitive detection scheme, which are home-built, have also been described elsewhere [24] . The noise voltage level (including electronics and scattered light) allowed us to detect voltages as small as 3 × 10 −7 volts. The pulse width varied between 30 fs and 260 fs. Consequently, the response of Bi 2 Sr 2−x La x CuO 6+z (measured at Los Alamos using 30 fs FWHM pulses) is intrinsic. Figure 2 shows reflectivity vs. delay time spectra for three of the eight cuprate samples we measured, including two superconducting and La 1.70 Sr 0.30 CuO 4 (metallic, overdoped, nonsuperconducting) at temperatures below and above the superconducting transition temperature (T C ) of the superconducting samples. In all parts of fig. 2 the spectra have been vertically shifted for the sake of clarity. The solid lines show the fit obtained to the entire reflectivity spectrum using eq. (1). It is noteworthy that τ P decrease markedly for all samples -superconducting and nonsuperconducting-with increasing temperature. Reference [8] reports a sign change in the reflectivity response for Bi 2 Sr 2 CaCu 2 O 8+x across the superconducting phase transition. We report the details of observing a sign change in the reflectivity response elsewhere [25] . Briefly, we find a sign change for Bi 2 Sr 2−x La x CuO 6+z , but in the normal state, and no sign change for La 2−x Sr x CuO 4 or La 2 CuO 4+y samples. Figure 3 illustrates how τ P varies with temperature at low fluence. For both superconducting and nonsuperconducting cuprates, at low fluence τ P exhibits a quasi-divergence with temperature and follows: τ P ∝ T −N (N = 2.5 ± 0.5) below an onset temperature of 55 ± 15 K when all eight samples are measured [24] . It is also noteworthy that ref. [26] has reported on YBa 2 Cu 3 O 6.5 , that at sufficiently low fluence τ P exhibits a power law, quasi-divergence with temperature: τ P ∝ T −3 . It is important to note that the relaxation values obtained with this fit are quite long compared to what would be expected from typical electron-phonon relaxation. Using the standard model of electron-phonon thermalization reported on metals leads immediately to two discrepancies. 1) In order to get the anomalously large values of the electron-phonon thermalization time, the lattice and electron specific heat of the sample would need to be comparable, which is not the case.
2) The electron-phonon coupling constant would need to be extremely small at the low temperatures, more than ×10 2 smaller than the value measured using this technique with higher fluence [27] . At higher fluence, this quasi-divergence is not observed in the superconducting samples. Figure 4 shows how τ TH varies with temperature for both superconducting and nonsuperconducting samples. For the nonsuperconducting samples, τ TH is resolution limited at all temperatures. For superconducting samples of all types, τ TH exhibits a maximum. The maximum is typically at temperatures near T C . τ TH always decreases at temperatures above T C and approaches our equipment resolution limit at high temperatures. The maximum τ TH value for the superconducting samples is longer than for the nonsuperconducting samples. We further find that, correcting the temperature to the actual temperature during illumination, at any fixed temperature τ TH changes only slightly (≤ 20%) with pump fluence. This result indicates that the PE-TE interaction time does not depend on the number of PEs.
We noted above that the model of fig. 1 is incomplete. If the model accounted for all aspects of our data, the constant A(T ) in eq. (1) [28] , and decreases markedly with increasing temperature in the normal state. For the superconducting La 2−x Sr x CuO 4 samples, A(T ) decreases markedly with increasing temperature within the superconducting state and decreases much less rapidly with increasing temperature in the normal state. We have no microscopic model that explains the temperature dependence of A(T ).
There are two other aspects of the data not accounted for by the model of fig. 1 concerning the higher-temperature behavior. Above 100 K, both interaction times are very short and equipment resolution limited. The model of fig. 1 would thus predict that the amplitude of the reflectivity signal would then become constant with temperature. Instead, the amplitude of the reflectivity signal reproducibly decreases from ∼ 100 K to ∼ 300 K by an additional 20-30%. This occurs for both superconducting and nonsuperconducting samples. This further decrease in amplitude is not consistent with the "Fermi smearing" ideas discussed in the literature [5] , which would predict an increase in signal with increasing temperatures. Also, at higher fluencies and in the normal state, our Bi 2 Sr 2−x La x CuO 6+z data exhibit a sign change in the reflectivity response which the model of fig. 1 does not account for; this is reported and discussed elsewhere [25] .
Equation (1), combined with the experimental results (figs. 2-4), allow us to understand some of the fundamental physics. We consider temperatures well above T C . There is no superconducting gap and, according to fig. 2 , τ P is very short. Consequently, energy absorbed from the pump pulse is rapidly dissipated to the lattice. Comparatively few electron-hole pairs are formed, so the amplitude of ∆R is small and decreases with temperature. From the behavior of τ TH at higher temperatures, the interaction time between the photoelectrons and creating the thermalized electron-hole pairs becomes shorter because more of the photoelectron energy is dissipated to the lattice and only the fastest carrier-carrier channels occur before energy is dissipated to the lattice.
It is informative to compare the power law divergence in (τ P ) with temperature, at low fluencies, to the classic paper of Rothwarf and Taylor [29] . Reference [29] predicts that for superconducting samples at low injection -for us low fluence-the relaxation time (τ P ) should increase exponentially with decreasing temperature. Reference [29] , when linearized for a low-fluence situation, becomes the same as the two-temperature model. The equations in ref. [29] seem compatible with the model we used (fig. 1) . The reason for the exponential increase in relaxation time τ P is the assumption of an isotropic, s-wave BCS superconducting gap. We suggest that the power law divergence ( fig. 3) arises from the presence of a gap node.
Both we and the authors of ref.
[26] measure a power law divergence for both superconducting samples. Further, as fig. 3 shows, we measure the same power law divergence for nonsuperconducting samples. Finally, while the power law divergence reported in ref. [26] is in the superconducting state of their YBa 2 Cu 3 O 6.5 samples, the power law divergence in the samples we measured spans both the normal and superconducting states. It is also noteworthy that the onset temperature of this power law divergence occurs at 55 ± 15 K, both for our samples and for those of ref. [26] . This indicates that the behavior is temperature dependent in the same way, and occurs whether the system is in the superconducting or normal state.
There is one important, subtle, point regarding eq. (1). We varied the pump fluence over a factor of 40×. As expected, the initial slope [d(∆R)/dt] scales approximately linearly with fluence. For superconducting samples, at high fluence τ P changes from a quasi-divergence ( fig. 3 ) to approximately constant in the superconducting state [24] . This may be associated with the nonlinear dynamics of superconducting electrons (Cooper pairs). At intermediate fluencies, some carriers exhibit short, superconductor-like values for τ P , while other carriers exhibit much longer values for τ P , the same as the values measured at low fluencies. On the other hand, for nonsuperconducting samples, τ P depends only on the actual sample temperature -per fig. 3 -for all fluencies. This means that we must modify eq. (1) 
where B + C = 1 and τ PS (τ PL ) refer to the short (long) relaxation time to the lattice. As the fluence increases, B -representing the superconductor-like relaxation, increases in size relative to C -representing the low fluence, power law divergence-like relaxation. The contribution C to eq. (2) grows up to some particular fluence and does not continue to increase for higher fluencies. The contribution B to eq. (2) is zero at the lowest fluencies, but is dominant at the highest fluencies. We speculate that this arises from a phase-space argument. At very low fluence, the carriers would relax to very near the chemical potential, which would be near the gap node in the superconducting state. As the fluence increases, relaxation to other parts of the Fermi surface would become important. We emphasize this is speculative, since we have no direct evidence that an argument based on Fermi surface phase-space limitations would apply to overdoped, nonsuperconducting samples.
Because the nature of the pseudogap state, and its extent in the phase diagram, is controversial, we instead ask the simpler experimental question: what changes occur in our data within the normal state? Referring to eq. (1), both A(T ) and τ P change in the normal state, while the analogous quantities do not change for a simple metal [9] [10] [11] [12] . By contrast ( fig. 4) , as with a simple metal, τ TH does not change with temperature in the normal state. Unfortunately, in the absence of any theoretical prediction of carrier dynamics in the pseudogap state, we cannot consider these changes as characteristic of the pseudogap state.
In summary, we have, to our knowledge for the first time, obtained quantitative agreement between theory and experiment for carrier dynamics in cuprate samples both superconducting and nonsuperconducting, using the phenomenological model of refs. [9] [10] [11] [12] . The rise time and change of reflectivity have the same origin: competing processes between the effects of a superconducting gap and, at low fluencies, a power law divergence in the dissipation time from carriers to the lattice. We have also found several important aspects of the data that warrant ad-ditional theoretical work on a microscopic model, including a) the behavior of τ TH for both superconducting and nonsuperconducting samples in the normal state between T C < T < 1.5T C ; b) the power law divergence of τ P at low fluence; c) the temperature dependence of A(T ).
